Abstract A zero-dimensional model to simulate a nano-pulse-discharged bubble in water was developed. The model consists of gas and liquid phases corresponding to the inside and outside of the bubble, respectively. The diffusions of chemical species from the gas to the liquid phase through the bubble interface was also investigated. The initial gas is Ar, but includes a little H2O and O2 in the bubble. The time evolution of the OH concentration in the liquid phase was mainly investigated as an important species for water treatment. It was shown that OH was generated in the bubble and then diffused into the liquid. With the application of a continuous nano-pulse discharge, more OH radicals were generated as the frequency increased at a low voltage for a given power consumption.
Introduction
Water is one of the most common substances on the planet and is vital to the functioning of the human body. In recent years, water pollution has become a serious problem around the world. Ozone bubbling has been widely used as a method of water treatment because of its high oxidation potential and long lifetime. However, the oxidation potential of ozone is insufficient to decompose persistent substances such as pesticides and harmful drugs [1] . Therefore, advanced oxidation processes (AOPs) have attracted attention as an innovative technology because the OH radicals generated by a discharge have a higher oxidation potential than that of ozone.
However, since the lifetime of OH radicals is very short, they need to be generated either in the water or near the surface so that they can instantly react with pollutants in the water. One of the most effective methods involves a discharge inside bubbles in the water [2] . The major advantage of this method is that it requires less energy to initiate the discharge inside a bubble, which is in the gas phase, relative to direct discharge in water.
An experimental study involving the decomposition of acetic acid by OH radicals generated inside bubbles was previously conducted [3] . It proved difficult, however, to obtain the number density of the OH radicals due to their short lifetime. The complex chemical generation processes of the chemical radicals inside and outside the bubbles remain unclear.
To clarify the process whereby OH radicals are generated, a model of a discharged bubble was developed. First, a numerical simulation of the reactive plasma inside and outside a bubble, as used for water treatment, was conducted. The physicochemical factors favourable for the generation of OH radicals were then obtained to ensure the optimum conditions for water treatment.
2 Chemical reaction model and simulation procedures Fig. 1 shows a schematic of a zero-dimensional two-phase model around a discharged bubble. As the discharge occurs, a streamer propagates inside the bubble interface as a plasma layer is formed [4] . Chemical species are first generated by electron impact reactions in the plasma layer and then diffuse into the water through the bubble interface. In our model, the plasma layer is called the "gas phase" while the liquid layer is called the "liquid phase". The liquid phase is pure water. The bubble diameter and plasma layer thickness are 2 mm and 0.16 mm, respectively, according to the results of a previous study [5] . The reaction mechanism of this chemical model is shown in appendix Table A1 . The generation and annihilation of each species are calculated separately for the gas and liquid phases, including the diffusion from the gas phase to the liquid phase. This model was developed based on that proposed by Matsui et al [6] .
Fig.1 Schematic of chemical reaction model inside discharged bubble
The initial gas in a bubble contains argon, a small amount of water vapour and oxygen which come from the dissolved air in the water. The diffusion from the discharged bubble to the liquid phase through the bubble interface is assumed to follow Henry's law. The governing equations are as follows.
where
and C i (mol·L −1 ) are the gas temperature, Henry's constant, and concentration of species i in the model, respectively.
is the ideal gas constant. The temperature (295 K) and pressure (1 atm) are constant in both the liquid and gas phases. Since the diffusion and dissolving properties vary from one species to another, Henry's constant is different for each chemical species. W L is the liquid water content that is defined as the ratio of the liquid and gas phase volume. k mt (s −1 ) is the mass transport coefficient, which is determined by the diffusion velocity K c (cm/s) and bubble shape [7] . S f (cm 2 ) and V gas (cm 3 ) are the bubble surface area and bubble volume, respectively. Fig. 2 is a flowchart of the simulation procedure. The reduced electric field (E/N )(Td) is first applied based on the model proposed by Sakiyama et al [8] . E/N is given by Eq. (4) .
where t pls (= 1 ns) is the duration of a single filament in a nano-pulse discharge [8] . The value of (E/N ) max is assumed in the first step. In the second step, the chemical reactions in the gas and liquid phases are calculated together with the diffusion through the bubble interface. The consumption energy, W (J) used in this simulation is obtained after these calculations. For a zero-dimensional simulation, W obtained from the calculation should be the same as the input energy W set as calculated in a previous experiment [9] .
Fig.2 Flow chart of simulation procedures
First, a simulation of a single pulse discharge was conducted to investigate the influence of the diffusion velocity, liquid layer thickness, and gas phase volume on the chemical species time evolution and diffusion rate. The simulation time for a single pulse was 1×10 −3 s, which corresponds to one cycle of a 1000 Hz applied pulse. Second, to simulate the real discharge condition, we applied continuous pulses to clarify the effect of the frequency on the OH concentration and OH generation efficiency in the liquid phase for water treatment.
3 Numerical simulation results 3.1 Single-pulse discharge Fig. 3 shows the time evolutions of E/N , OH, H 2 O 2 and electrons in the plasma layer inside a bubble. The applied voltage in the simulation is 9 kV. The liquid layer thickness is 55 µm. Since the main component of the initial gas is Ar, the Ar diffusion coefficient (0.184 cm 2 /s) is used as the total diffusion coefficient D g,i . K c (= 1.84 cm/s) is calculated from the initial gas composition of 98% Ar, 1%H 2 O, and 1%O 2 with a bubble radius a = 1 mm in this model, as given by Eq. (5). The diffusion velocity K c has a great effect on the mass transport coefficient k mt (Eq. (3)), which refers to the effect on the diffusion from the inner bubble to the water. When the discharge occurs, the number of electrons increases rapidly as a result of the chemical reaction (6) . In the meantime, the OH concentration also increases as a result of the reaction (7) caused by the electron impact. The increase in the amount of H 2 O 2 mainly results from the reaction (8) as the OH concentration increases. After the discharge, the number density of the electrons and OH gradually decreases.
Ar + e → Ar + + e + e (6) Fig. 4 shows the time evolution of the OH, H 2 O 2 , HO 2 , and O 2 in the liquid phase. The concentration of species must be distributed in a liquid layer [10] . However, since this numerical model is a zerodimensional model, it is difficult to consider the species distribution in the liquid phase. Therefore, the concentrations of these radicals are assumed to be uniformly dispersed in the liquid phase. Generally, the concentration of each species increases due to the diffusion from the bubble to the liquid. The number of OH radicals increases slowly during the discharge, instead of the rapid increase in the gas phase followed by a moderate diffusion through the bubble interface. The number density of the OH in the liquid phase is nearly 10 −3 smaller than that in the gas phase. After 10 −4 s, the OH concentration becomes smaller than that of the H 2 O 2 . This is regarded as being an effect of the OH recombination reaction (8), which consumes the OH and generates H 2 O 2 . thickness is estimated to be 10 µm from the diffusion velocity (1.84 cm/s) and simulation time (1.0×10 −3 s). Additionally, the diffusion from the liquid layer to the bulk is neglected. Therefore, we conducted simulations with liquid layer thicknesses of 40 µm, 60 µm, 80 µm, and 100 µm. As is shown in Fig. 5 , OH radicals are generated rapidly when discharge occurs inside a bubble. Then, the number of radicals decreases moderately because of the recombination reaction of the OH radicals. The diffusion rate of each species increases with the layer thickness, which results in an increase in the total diffusion from the bubble to the liquid through the bubble interface. Furthermore, the influence of the adoption of different gas phase volumes is investigated. As was explained above, the volume of the adopted gas phase was that of the plasma layer inside the bubble in our zero-dimensional model. However, upon considering the inward diffusion from the plasma layer to the centre of the bubble after discharge occurs as shown in Fig. 6 and then diffusing to the liquid phase, it is clear that the diffusion process must change. Because it is much easier for diffusion to occur from the gas phase to the gas phase than to the liquid phase, the diffusion rate constant from the gas to gas phase is also larger. Upon considering the diffusion process above, the volume of the gas phase that is used should be the volume of the whole bubble instead of just the plasma layer. This assumption corresponds to the case in which chemical species diffuse uniformly in a bubble immediately before the species diffuses to the liquid phase. Fig. 7 shows the influence of the gas phase volume on the OH radicals. The concentration of OH in the liquid phase falls to nearly 1/3 when using the bubble volume as the gas phase volume instead of the volume of the plasma layer. This is because the bubble volume is larger than that of the plasma layer. As a result, the value of k mt becomes smaller when using the bubble volume. Therefore, the OH diffusion from the bubble to the liquid through the bubble interface would be smaller. Fig. 8 shows a comparison of the OH density in the gas phase as obtained by simulation and experiment. To verify the validity of the numerical model used in this study, the OH decay tendency in the gas phase of the model was compared with the experimental results reported by Tochikubo et al [11] . In the experiment, OH radicals were generated by a pulse discharge between point-plane electrodes while the OH density is detected by laser-induced fluorescence (LIF ) at a gas temperature of 300 K and a pressure of 26.7 kPa without considering the diffusion effect by referring to the work of Tochikubo et al [11] . The maximum value of each curve was normalized to the initial OH density. The results we obtained for the decay tendencies of the OH in the simulation were found to be in good agreement with the values obtained in the experiments (shown as black dots). Fig. 9 shows the time evolutions of the electrons, OH, H 2 O 2 , HO 2 , and O 2 inside a bubble in the gas phase. Using a plasma layer as the gas phase under conditions of V = 5 kV and f = 2000 Hz up until 18 ms when the bubble is dispatched from the ejection hole of the gas supply tube [3] . Therefore, the total number of pulses is 36. In this research, we assumed that the bubble configuration does not change. The number of electrons increases rapidly from 10 −9 mol/L to 10 −5 mol/L when a discharge occurs in every pulse. After the discharge, the number of electrons decreases to 10 −9 mol/L. According to the behaviour of the electron concentration, the number of OH radicals increases and decreases with the same frequency. The OH concentration oscillates between 10 −6 mol/L and 10 −5 mol/L while the maximum concentration is almost the same in every pulse. H 2 O 2 radicals are dominantly generated by an OH recombination reaction as stated above. The quantity of each chemical species decreases considerably relative to those in the gas phase shown in Fig. 9 . The graph shows that all the chemical species except the OH increase moderately. Fig. 11 shows the time evolutions of the OH radicals in the liquid phase for different pulse frequencies. The applied voltage changes depending on the frequency. Three conditions, namely 9 kV/394 Hz, 7 kV/686 Hz, and 5 kV/2000 Hz were set for a given input power P = 362 mW [9] . The behaviour of the OH concentration in each case was consistent with the pulses and increased and decreased with each pulse. However, it is shown that, for 5 kV/2000 Hz, the OH concentration reaches a maximum. This result indicates that higher frequency pulses for low voltages are the most efficient at generating much greater quantities of OH. Table 2 . The total input power is set to 362 mW and 181 mW. As the voltage is fixed to 5 kV, 7 kV, and 9 kV, there are two kinds of frequency for each voltage. It is shown that the concentration of the OH radicals increases as the frequency increases at the lower applied voltage. .
Continuous pulse discharge
where ∆t is the calculation time of 18 ms. C OHliq (mol/L) is the OH concentration at t = 18 ms. W set (J) and f (Hz) are the energy per pulse and the pulse frequency, respectively. The relationship between these parameters is shown in Table 2 . It is obvious that the OH generation efficiency is much higher when P is lower. Moreover, as the voltage is fixed, the efficiency increases as the frequency decreases. It is also found that, when the input power is fixed, the generation efficiency decreases as the voltage increases. 
Conclusions
In this paper, we discussed several conditions for increasing the OH radical generation in a liquid phase outside a bubble to improve the efficiency of water treatment. The obtained results are shown below.
In a single pulse discharge: a. As an important parameter, the diffusion velocity K c makes a major difference in the diffusion from the gas phase to the liquid phase through bubble interface. The number density of the OH radicals in a liquid phase is nearly 10 −3 smaller than that in the gas phase.
b. The diffusion rates of the OH and H 2 O 2 increase when the liquid layer thickness increases, which results in an increase in the total OH and H 2 O 2 diffusions from inside a bubble to the liquid.
c. The OH concentration in a liquid is nearly three times larger when using the plasma layer as the gas phase volume instead of the bubble volume.
For continuous pulse discharge:
a. The OH concentration oscillates both in the bubble and liquid for a given frequency when continuous pulses are applied. However, the OH concentration in a liquid decreases considerably relative to that inside a bubble.
b. The OH concentration increases when a higher frequency is applied for a lower voltage and thus can attain a higher energy efficiency. Moreover, the OH generation efficiency is much higher at lower input frequencies for a given voltage. [18] ; b: Determined by the principle of detailed balance [19] . c: ε is the electron energy in (eV). Te= 2eε/3k b (where e(eV), k b (m 2 ·kg·s −2 ·K −1 ) and Te(K) are the electron charge, Boltzmann constant and electron temperature, respectively)
